Abstract-This paper presents studies on the use of carbon nanotubes dispersed in an insulating fluid to serve as an automaton for healing open-circuit interconnect faults in integrated circuits. The physics behind the repair mechanism is the electric-field-induced diffusion limited aggregation. On the occurrence of an open fault, the repair is automatically triggered due to the presence of an electric field across the gap. We perform studies on the repair time as a function of the electric field and dispersion concentrations with the above application in mind.
I. INTRODUCTION

I
NTERCONNECT faults such as opens and shorts that occur during device operation are a critical element of the operational reliability of semiconductor circuits. Interconnect opens occur due to the burn out of an interconnect carrying large currents, or due to purely mechanical forces. While circuit designers generally solve these problems by replicating important hardware (redundancy), there has been significant research interest in developing an integrated self-repair mechanism for faults (mainly open faults) [1] - [4] . One such self-repair integration mechanism studied the formation of conductive salt crystals during the occurrence of an open fault. The components of the salt are initially enclosed in microcapsules, which are ruptured during the occurrence of the fault leading to the formation of a conductive crystal patch, thereby repairing the fault [1] . Microcapsules filled with a dispersion of carbon nanotubes (CNTs), and more recently, liquid metal, have also been investigated as potential candidates for a self-repair mechanism [2] , [3] . Another potential candidate for self-repair is a certain class of conductive organometallic polymers that could possibly be integrated into other self-healing materials used for mechanical healing of cracks [4] , [5] .
In this paper, we propose an alternative technique for open fault repair automation [6] . We propose the integration of a dispersion of electrically conductive microparticles or nanoparticles in an electrically insulating fluid medium with the interconnect layer. As illustrated in Fig. 1(a) . the dispersion can be present within the packaging of the system and must be isolated over the interconnects.
On the occurrence of an open fault, for example, a power line fault as shown in Fig 1(b) , there would appear an electric field in the gap. The very presence of the field triggers the repair mechanism where the conductive particles, behaving as automatons, make repairs and construct a conductive bridge across the open fault. More specifically, the electric field polarizes the conductive particles, which then undergo aggregation due to dipole-dipole interactions and other forces and eventually bridge the gap across the interconnect.
The mechanics of this process is discussed in the next section. Subsequent sections are dedicated to the experimental study of the repair mechanism and the characterization of the repair time. The applications of these concepts are generally aimed at large area flexible electronic systems such as displays and image sensors [7] - [9] . These systems are pixel array based systems having few layers (typically two) of long interconnects for switch addressing and data transfer and are regularly prone to open faults [10] .
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II. MECHANISM OF OPEN FAULT REPAIR
On the occurrence of the open fault, there appears an electric field across the gap depending on the potential of the interconnect before the fault. In the presence of this field, the conductive particles polarize and begin to drift and aggregate due to dipole interactions and dielectrophoretic forces [11] - [13] . Through a drift-diffusion process, the conductive particles eventually bridge the gap between the two electrodes, thereby repairing the open fault. Thus, the repair mechanism is triggered by the very occurrence of an open fault. The drift component of this drift-diffusion process is the resultant of three forces.
A. Dipole-Dipole Interaction
The first of the forces between the polarized particles is the dipole-dipole interaction between the individual particle dipoles F d resulting in attraction and aggregation [11] , [12] , [14] . If one of the polarized particles is at the origin, and the other at a distance r R from it, with the line joining their centers making an angle θ with the direction of the electric field, the outward radial component of F d is
Here, we assume that the conductive particles are spherical with radius R, and the open fault has an electric field ξ across it. Here, β
is the Clausius-Mossotti factor [15] - [20] . Thus, the particles lying more parallel to the electric field lines (cos(θ) > 1/ √ 3) experience an attractive force and aggregate.
B. Dielectrophoretic Force
The second force is the dielectrophoretic force F e on the conductive particles that draws the conductive particles toward regions of high electric field [15] - [20] , which is defined as follows:
If the particle and medium have a large difference in conductivity with σ p σ m , Re[β] ≈ 1, and the particles move toward the region of high electric field. Due to the finite dimensions of the interconnect, this electric field is nonuniform and F e = 0. Moreover, as particles begin to attach and cluster near one interconnect end of the gap, the non uniformity of the field increases.
C. Viscous Drag
The third force on the particles is the viscous drag F v experienced by the particles in the fluid medium and is given by
where μ = 6πηR, with η being the viscosity of the fluid medium, and u = dr/dt is the velocity of the particle in the fluid medium. In summary, F e results in gathering all the conductive particles in regions where the electric field gradient is maximum. F d then chains the particles together till the bridge across the gap is formed and the field is dissipated. F v opposes all the motion of the particles while the diffusive component D = kT /μ determines the strength of the diffusive movement in the drift-diffusion aggregation of particles. F d is particularly strong at short distances, and F e becomes comparable to
. This bridge across the gap is a 3-D structure. However, the film of the insulating fluid across the surface is thin, perhaps a few particles in height, while the gap is usually much wider. Therefore, for the sake of discussion, we can consider this to be a 2-D growth. Moreover, the bridge is self-sustaining since the break in the bridge immediately reintroduces the electric field, which, in turn, immediately polarizes the particles and reconstructs the bridge.
III. EXPERIMENTS
A. Selection and Preparation of the Dispersion
There are several tradeoffs in the selection of the dispersion medium. A medium with high permittivity adds capacitive components along the interconnect and is undesirable. The conductivity of the medium must also not be high since it reduces F e and therefore increases the heal time of an open fault. Moreover, it can lead to unwanted shorts and parasitic resistive loading. In a medium with low viscosity the dispersed particles tend to aggregate into clusters more easily since the viscous drag becomes small. This is undesirable since we would like the dispersion to have a uniform density through the lifetime of the circuit. Thus, the preferable medium must have moderately high viscosity, low permittivity, and low conductivity.
We demonstrate the concept using a dispersion of metallic CNTs of approximately 1-10 μm length and 20-50 nm diameter in silicone oil. The oil used had a kinematic viscosity of 300 cS and density of 0.97 gm/ml. The dispersion was achieved by sonicating mechanically powdered particles in hot silicone oil. Other techniques used were to first sonicate the particles in isopropyl alchohol followed by drying the dispersion. The dried out particles were then dispersed in silicone oil. Fig. 2(a) illustrates typical bridge formations between two electrodes for a dispersion of 65 mg/ml of zinc microparticles in silicone oil. In Fig. 2(a) , the voltage across the electrodes is 30 V dc, and the gap is 120 μm. In Fig. 2(b) , three electrodes are at 50 Hz ac potential of 100 V rms, 75 V rms, and ground. The typical separation between the electrodes is about 1-2 mm. Here, ZnO particles in the dispersion first seek and bridge the electrodes with the maximum field in between the gap. Thus, the regions of maximum field are bridged first. Fig. 3 illustrates the bridge formation between two electrodes with a dispersion of 0.6 mg/ml of metallic CNTs in silicone oil. Fig. 3(a)-(c) shows typical CNT bridges formed between the electrodes.
B. Growth Patterns
C. Conductivity Measurements With Varying Electric Fields
Using a dispersion of 0.6 mg/ml of metallic CNTs in silicone oil, we study the dynamics of the current through the gap for different electric fields.
Applying different dc voltage across electrodes separated by a 120-μm gap, we measure the current through the gap as a function of time. We maintain a current limit in order to emulate the field reduction once the bridge is strong. The electrode width is kept large (about 1 cm) to average out the effects of non uniformity in the dispersion. Fig. 4(a) and (b) shows the typical dynamics of current for varying applied voltages with the current data plotted on a linear and log scale, respectively. For a fixed dispersion concentration, the key parameter influencing the successful formation of the bridge within the observed time is the electric field. Fig. 4(c) summarizes the maximum current density capacity of the bridges as a function of the field strength for electrode gap lengths and gap voltages. The threshold electric field for this dispersion concentration was observed to be about 0.075 V/μm. In the case of largearea electronic systems, the typical line operating voltages vary from 1 to 20 V, which implies that mechanically created gaps of about 10 μm or less sustain fields of about 0.1 V/μm or more. For very high fields (e.g., at 30 V), it was consistently observed that the bridges were unstable. Under these high fields, the current first rose to the maximum value very quickly before dropping off. While we attribute this behavior to thermal breakdown of bridges, more studies are needed to justify this explanation. The bridges are most stable for moderately high electric fields.
It is also seen that the bridging time decreases with the application of higher fields, where the bridging time is defined as the time taken for the current to rise to its maximum value. Fig. 4(d) plots the typical bridging time for various electric fields. Here, we define the bridging time as the time taken for the particle cluster bridge to achieve its average (time average) current density. We see that the average current density falls with the decrease in particle concentration in the dispersion. Moreover, the bridge formation occurs rapidly (within 1-100 s), and the bridges slowly strengthen to the maximum current density. Thus, we define the bridging time by the following two time points: 1) when the bridge is complete and enables current flow and 2) a maximum bridging time point, representing the time taken to reach maximum current flow, as shown in Fig. 5(c) .
D. Conductivity Measurements With Varying Dispersion Concentration
It can be justified that the appropriate bridging time must be defined by the lower limit since once the bridge is formed across the gap the field will be destroyed. However, as mentioned earlier, this bridge is self-sustaining since the break in the bridge immediately reintroduces the electric field, which, in turn, immediately polarizes the particles and reconstructs the bridge. Therefore, the alternate definition of the bridging time is the time taken for the bridge to sustain its time-averaged current density, which is generally close to the maximum current density for a good bridge. Fig. 6 shows a control for the experiments where a dispersion of nonconductive zinc oxide is dispersed in silicone oil. Conductivity is measured across a similar 120-μm gap with a field pertaining to 30 V is applied across it. It is seen that there is no measurable conductivity and the currents are of the order of 1 × 10 −13 A/μm, implying that the conductivity is caused by the metallic CNTs in the experiments shown in Figs. 4 and 5.
We also define an efficiency parameter α, which is the ratio of the per unit width current density after the healing to the current density before the occurrence of the fault. The current densities before the occurrence of the fault are defined by the electromigration limit of the conductor (aluminum in this case). The healing efficiency at the fixed concentration of 0.6 mg/ml was found to be maximum (α = 57%) at electric fields (about 0.12 V/μm). At lower fields, α decreases rapidly to <1% for fields of 0.07 V/μm. As the concentration of the dispersion is varied, the maximum efficiency (α = 62%) occurs at a concentration of 0.75 mg/ml.
IV. MODEL FOR BRIDGING TIME
Revisiting the mechanics described in Fig. 2(b) , we can build an approximate model for the bridging time. We consider Fig. 7 for this discussion. Initially, the dispersion to be uniform with an average separating distance between the particles being r 0 [ Fig. 7(a) ]. After a particle is attached to one of the electrodes, it forms a seed for growth. All polarized particles (e.g., c particles) within the subtended angle are attracted to the seed particle and travel the distance r 0 − R to attach to the seed. Assuming that the dipole interactions are the dominant force component, the effective velocity of the particles is u eff = F d /μ, and the time taken for the c particles to reach the seed is ≈ (r 0 − R)/u eff . After these c particles are attached to the seed, the seed cluster advances through the gap by ≈ c 1/γ R [ Fig. 7(b) ]. If the growth was 2-D, γ = 2, however, it has been shown that this cluster growth has fractional dimensions (1 < γ < 2) with the dimension scaling with the volume fraction of the dispersion [11] . In this time, c polarized particles in the medium aggregate into clusters. The average separation of particles in the medium is now cr 0 . These clusters now have to travel a distance ≈ (cr 0 − c 1/γ R) in order to attach themselves to the seed cluster at the electrode [ Fig. 7(b) ]. This process continues and the time taken for the jth cluster to reach the seed cluster at the electrode is Fig. 7(c) ]. This process occurs from both electrodes simultaneously and the bridging is completed when the bridge from one electrode reaches the halfway point covering a distance d/2, 
Since the film of oil is very thin (about 10 μm), for a dispersion concentration α (in particle weight/ dispersion media volume), we see that r 0 approximately scales as 1/ √ α. For a concentration of 0.6 mg/ml, r 0 /R ≈ 3. Hence,
Ns/m 2 , and γ ≈ 1.8, the model (solid line) is plotted against experimental results in Fig. 4(d) and Fig. 5(c) . The general trend in bridging time as predicted by the model is shown in Fig. 7(d) for c = 2 and c = 3 and for different concentrations varying from 0.25 to 0.75 mg/ml.
We extract γ by relating finding the effective area covered A by the particles in a square of length L and noting L γ = A. The process of extracting γ is shown in Fig. 8 . We estimate the growth area by counting the pixels occupied by the CNTs in a square section. Prior to pixel counting, the images are grayscale normalized. The typical values of γ lie between 1.55 and 1.8.
There are several approximations in the model. We ignored the influence of Brownian motion and dielectrophoretic forces. These are acceptable since Brownian motion would be prevalent only initially and would not influence the bridging after cluster formations. The dielectrophoretic forces would be much smaller compared to the dipole interaction forces at short distances. At large distances, i.e., particles sitting deep in the medium far away from the electrode, the polarization of particles would be weak due to the effective shielding by the particles closer to the electrode. Hence, we can justify this approximation for the development of a working model. CNTs are nonspherical, while the equations for F d , F e , and F v assume a spherical particle. However, as clusters of CNTs form in the medium during bridging, with the assumption of the cluster being spherical with R ≈ 1 μm, the length of the nanotube becomes more realistic. Finally, the model and mechanics describe the treatment of clusters of particles as single dipoles. In reality, these particles form multipolar dipoles. However, since the seed clusters grow at approximately the same pace as the clusters in the medium, the approximation as a single dipole is sufficient for the construction of a working model.
V. CONCLUSION
In this paper, we have presented a possible solution of integrating dispersions of conductive particles in semiconductor circuit to automate the correction of line open faults. The packaging and actual implementation would have to borrow ideas from the techniques used in the fabrication of microfluidic laboratory-on-a-chip systems. This method is more easily implementable in systems having few interconnect layers. Large area electronic systems are one possible class of systems that this study can be applied to.
We performed studies and presented the proof of concept of open fault automation using the ideas of electric-field-induced diffusion limited aggregation. Using a dispersion of metallic CNTs in silicone oil, we studied the dependence of electric field and dispersion concentration on the time required to repair the fault and the current densities supported by the bridge.
We finally developed a model for bridging time based on the mechanics of repair. The model predicts the bridging time to be proportional to the square inverse of the electric field across the gap and proportional to the fifth power of the dispersion spread (which is the 5/2 power of dispersion concentration).
